cAMP-dependent chloride channels in heart contribute to autonomic regulation of action potential duration and membrane potential and have been inferred to be due to cardiac expression of the epithelial cystic fibrosis transmembrane conductance regulator (CFTR) chloride channel. In this report, a cDNA from rabbit ventricle was isolated and sequenced, which encodes an exon 5 splice variant (exon 5-) of CFTR, with >90% identity to human CFTR cDNA present in epithelial cells. Expression of this cDNA in Xenopus oocytes gave rise to robust cAMP-activated chloride currents that were absent in control water-injected oocytes. Antisense oligodeoxynucleotides directed against CFTR significantly reduced the density of cAMP-dependent chloride currents in acutely cultured myocytes, thereby establishing a direct functional link between cardiac expression ofCFTR protein and an endogenous chloride channel in native cardiac myocytes.
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In heart cells, elevation of cAMP activates chloride (Cl-) selective channels that contribute to autonomic regulation of action potential duration and resting membrane potential (1) (2) (3) (4) (5) . Due to similarities in unitary conductance as well as pharmacological and biophysical properties, it has been suggested (6, 7) that cAMP-dependent Cl-channels in heart resemble those of cystic fibrosis transmembrane conductance regulator (CFIR) Cl-channels in epithelial cells, whose regulation and expression is defective in patients with cystic fibrosis. Although recent molecular studies have revealed the presence of CFTR transcript fragments in mammalian myocardium (8, 9) , the existing evidence linking the cardiac Clchannel to the CFTR gene product is indirect and circumstantial. Yet recent studies of cardiac cAMP-dependent Cl-channels have proposed a novel model for regulation of CFTR Clchannel gating by phosphorylation and ATP hydrolysis (10, 11) . Here, we report the complete sequence of a cDNA isolated from rabbit ventricle that encodes the cardiac cAMPdependent Cl-channel. The sequence indicates that an exon 5 splice variant (exon 5-) of CFTR is expressed in rabbit heart and has >90% identity to human CFTR cDNA present in epithelial cells. cRNA-injected Xenopus oocytes expressed cAMP-dependent Cl-channels with properties similar to those recorded in native cardiac myocytes, and cultured cardiac myocytes exposed to oligodeoxynucleotides complementary (antisense) to the human CFTR transcript exhibited a significantly lower cAMP-dependent Cl-current density compared to cells exposed to control oligodeoxynucleotides homologous (sense) to CFTR. These data provide direct evidence that cAMP-dependent Cl-channels in heart are, in fact, encoded by an alternatively spliced isoform of the epithelial CFTR gene product and argue against earlier suggestions that CFTR exon 5-variants are unlikely to play a physiological role due to defective intracellular processing (12) .
MATERIALS AND METHODS
Poly(A)+ RNA was prepared using the FAST TRACK kit (Invitrogen). First-strand cDNA synthesis was carried out on 0.5 ,tg of poly(A)+ RNA prepared from dissected ventricle including 200 units of Moloney murine leukemia viral reverse transcriptase, 1 unit of RNase inhibitor, 1 mM dNTPs, and 100 pmol of oligo(dT) primers in a final volume of 20 ,ul of 50 mM Tris HCl (pH 8.3), 75 mM KCI, 10 mM dithiothreitol, and 3 mM MgCl2. The mixture was incubated for 10 min at room temperature (to anneal hexamers) and then for 120 min at 37°C (for first strand synthesis). Degenerate oligonucleotide primers were added to the first strand synthesis mixture with: 2.5 units of Thermus aquaticus polymerase, 7.5 ,ul of 10 mM Tris-HCl (pH 8.3) , 50 mM KCl, 1 mM MgCl2, and 0.01% gelatin and water to bring the final volume to 100 ,ul. The reaction mixture was overlaid with 90 ,ul of mineral oil and incubated in a thermal cycler (Cetus) with the following amplification profile: 2 cycles at 94°C for 1 min, 37°C for 3 min, and 72°C for 15 s; then 33 cycles with the profile 94°C for 1 min, 55°C for 2 min, and 72°C for 15s with an extra 5 s at 72°C added in each cycle. The PCR products were sequenced by the dideoxy chain termination method.
A full-length cDNA was constructed from the overlapping amplification products described in Fig. 1 . Common restriction sites were employed to combine the fragments, and junction regions were confirmed for fidelity by nucleotide sequencing. Several independent clones were completely sequenced in tandem, and the results were compared with the overlapping region from separate PCR amplification reactions. Plasmid DNA was linearized with HindIII and capped transcripts were synthesized in vitro with SP6 RNA polymerase as described (13 Ventricular myocytes were enzymatically isolated from adult male guinea-pigs according to established procedures (14) with the following modifications. The cell isolation procedure was carried out under aseptic conditions in a horizontal laminar flow hood, antibiotics (1000 units of penicillin per ml, 1000 units of streptomycin per ml, and 0.25 ,ug of amphotericin B per ml) were present in all solutions used, and a low speed spin (10 x g; 2 min) was performed as a final step to isolate a relatively pure population of cardiac myocytes. The ventricular myocytes were then plated onto 35 mm culture dishes in Dulbecco's modified Eagle's medium (DMEM) with no added growth factors at a concentration of -10-15 rod shaped myocytes per dish. CFTR antisense oligodeoxynucleotides (5 '-TTTTCCAGAGGCGACCTCTGCAT-3') were then added to the culture media, and the plates agitated to ensure adequate distribution of the probes. CFTR sense oligodeoxynucleotides (5'-ATGCAGAGGTTGCCTCTGGAAAA-3') as well as sterilized distilled H20 were added to separate dishes to serve as controls for specificity of action of the antisense oligonucleotides, and rundown of ICI(cAMP) in culture over time, respectively. Whole-cell patch-clamp experiments (15) were performed on rod-shaped myocytes with clear cross striations at room temperature (19-22°C) . The external solution contained 140 mM NaCl, 5.4 mM CsCl, 1.5 mM CaCl2, 1.0 mM MgCl2, 5.5 mM Hepes, and 10 mM glucose (pH 7.4) with NaOH. FSK was made up as a 10 mM stock solution in polyethylene glycol and then added to the bath solution to achieve a final concentration of 1 ,uM. The internal solution contained 110 mM aspartic acid, 20 mM TEA-HCl, 20 mM CsCl, 5 mM Mg2+-ATP, 5 mM EGTA, and 5 mM Hepes (pH 7.2) with CsOH.
Patch electrodes had tip resistances of 1-3 Mfl when filled with internal solution. Liquid junction potentials of -9 mV were measured and were corrected for in the data.
RESULTS
Cloning and Expression of Cardiac CFIR Cl-Channels. By using the PCR, we previously amplified a 550-bp product from E4 El E4'
-104-rabbit ventricle mRNA, which had 98% identity with the first nucleotide binding domain of CFTR, and hybridized to a single 6.5-kb transcript in human atrium and guinea-pig and rabbit ventricle (8) . Amplification of cDNA from rabbit ventricle and cloned fragments corresponding to the 12 transmembrane spanning domains of the epithelial CFTR transcript revealed deletion of a 30-amino acid segment in the first cytoplasmic loop of CFTR, corresponding to exon 5 in human CFTR, suggesting that CFTR may be an alternatively spliced isoform in heart (9). We designed primers to hybridize to regions throughout the CFTR sequence (Fig. 1) , and the use of reverse transcriptase-PCR amplification of rabbit ventricle mRNA employing these primers resulted in the cloning of several overlapping cDNA fragments corresponding to the entire full-length CFTR coding sequence (Fig. 2) . Outside of exon 5, no other alternative splicing arrangements were detected; overall, the deduced nucleotide sequence displayed 91% homology to the human epithelial CFTR form (16) . It is noteworthy that there is a high degree of conservation of all putative protein kinase A (PKA) and protein kinase C (PKC) phosphorylation sites (outside of exon 5) as well as both nucleotide binding domains. Xenopus oocytes were used to functionally express cAMPdependent Cl-channels. Time-independent membrane currents were elicited in response to an elevation of cAMP in oocytes injected with mRNA encoding the cardiac CFTR exon 5-splice transcript (9) 3-4 days earlier (Fig. 3 ), but not in water-injected control oocytes. To reduce interference from endogenous Ca2+-activated Cl-channels, these experiments were performed in nominally Ca2+-free external solutions.
Currents elicited under control conditions were subtracted from the currents measured after elevation of cAMP (Fig. 3A) to obtain the cAMP-dependent difference currents plotted in Fig. 3B . The currents activated by cAMP exhibited some outward rectification and an -28 mV shift in mean reversal potential when external Cl-was reduced from 104 mM to 28 mM, close to the predicted 35-mV shift of the estimated Clequilibrium potential under these conditions, indicating a significant Cl-permeability of the expressed cAMP-dependent channels. The outward rectification observed and its attenuation on lowering external Cl-is similar to that observed for cAMPdependent Cl-currents in native cardiac myocytes and is consistent with the dependence upon concentrations and permeability of intracellular anions (17 1E. E., 1"E1 (pA/pF) for the FSK-induced Cl-currents were maintained at relatively constant values (-5 pA/pF) for cells for the first 24 h, and thereafter declined by about 60% by 54 h (Fig. 4) , suggesting that cells could be incubated with CFTR sense and antisense oligodeoxynucleotides for up to 24 h without complications related to down-regulation of the currents. We also verified that these FSK-induced currents retained their C1-sensitivity in cells even after 29 hours in culture. With Clpipette -40 mM and Clbath = 151 mM, the mean reversal potential of the FSK-induced difference current was -36.5 ± 4.2 mV (predicted Eci = -33 mV; n = 4), and with Clbath = 80 mM, the mean reversal potential was -22.9 ± 0.7 mV (predicted Ec1 --18 mV; n = 4). Antisense oligonucleotides for CFTR have been successfully used to inhibit translation of the CFTR gene product in cultured sweat duct cells (18) , lymphocytes (19) , and pancreatic duct cells (20) . In these cells, the addition of antisense oligodeoxynucleotides directly to the bath culture medium resulted in reduction of cAMP-dependent permeability within (Fig. 5) . However, in cells exposed to antisense oligodeoxynucleotides, there was a reduction in Clcurrent densities, which was statistically significant at several membrane potentials measured. At +40 mV this reduction was -44%, and there was no significant change in reversal potential between cells in the three groups. There were no differences in the magnitude of FSK-induced increases in L-type Ca2+ currents between the three treatment groups (water, 49.2 + 3.08%; sense, 52.5 + 4.73%; antisense, 54.1 ± 6.7%), indicating no significant alt-erations of the second messenger pathways. These results, therefore, provide strong evidence that the CFTR gene product is indeed responsible for cAMPdependent Cl-currents in heart.
DISCUSSION
While the functional and clinical consequences of defective expression of CFTR Cl-channels in hearts of cystic fibrosis patients remains to be determined, our results provide convincing evidence that CFTR exon 5-splice transcripts, previously shown to be present in rabbit ventricle (9) , result in functional expression of cAMP-dependent Cl-channels. These data and the sequence information showing a high degree of conservation of all putative PKA and PKC phosphorylation sites (outside of exon 5) as well as both nucleotide binding domains compared to the epithelial CFIR gene product (16) confirms that CFTR in heart represents an appropriate model for studies of the regulation of CFIR Cl-channel gating by phosphorylation and ATP hydrolysis (10, 11) .
The demonstration that the CFTR exon 5-splice transcript gives rise to functional cAMP-dependent Cl-channels in Xenopus oocytes is in contrast to an earlier study which failed to detect functional expression of an engineered exon 5 deleted CFTR cDNA in HeLa cells (12) . The reasons for these different results are not known, but might be related to the different cells used for expression or, alternatively, due to other subtle amino acid differences between the cardiac and epithelial CFTR exon 5-splice transcripts. In an earlier study (9) , probes corresponding to the nucleotide sequence of exon 5 were found to hybridize to pancreatic mRNA in Southern blots but not to cardiac (guinea-pig and rabbit) mRNA, suggesting exclusive expression of the exon 5-transcript in guinea-pig and rabbit heart. This result, along with those of the present study, suggest that the cAMP-dependent Cl-currents observed in these cardiac tissues may be attributed solely to the exon 5-transcript. However, these results do not eliminate the possibly that some small fraction of the total cAMP-dependent Cl-current might be due to expression of minute quantities of exon 5 + transcripts at levels below our limits of detection. However, a different pattern of expression of CFTR may occur in human and nonhuman primate heart since both exon 5-spliced and unspliced transcripts have been recently identified in these tissues (21) using techniques with a similar level of sensitivity as those previously used for rabbit and guinea-pig heart. Recent electrophysiological studies have provided evidence suggesting that as many as six different Cl-conductances can be identified in the sarcolemma of cardiac myocytes isolated from various animal species and areas of the heart. These include Cl-conductances activated by stimulation of PKA (1-7), PKC (22) (23) (24) , extracellular ATP (25, 26) , intracellular Ca21 (27, 28) , membrane stretch (29, 30) , and a basally active Cl-conductance (31) . Yet little information is currently available on the molecular structure of the proteins responsible for these conductances. A small 235-amino acid protein cloned from kidney epithelial cells and rat atrium and ventricle when expressed in oocytes gives rise to an outwardly rectifying Clconductance, ICl, (32) , and a recently cloned 72-amino acid cardiac sarcolemmal protein, phospholemman, when expressed in oocytes, gives rise to a slow, hyperpolarizationactivated Cl-conductance (33) . However, it is presently uncertain whether these proteins are related to macroscopic Cl-currents present in native cardiac myocytes since more recent evidence suggests that they may regulate Cl-channels endogenous to oocytes (34, 35) ; The rectification properties of the recently cloned CIC-2 Cl-channel (36) make it an unlikely candidate responsible for voltage-or volume-regulated Clconductances in heart. The molecular identification of the CFJ7R exon 5-transcript responsible for cAMP-dependent Clchannels in heart reported here represents, to our knowledge, the first molecular characterization of an anion channel functionally expressed in native cardiac myocytes, and recent data on the molecular distribution of the CFTR gene product in different species and areas of the heart raise the possibility that at least some of the other macroscopic Cl-conductances in heart might be encoded by a family of genes related to CFTlR (37) .
